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Edited by Hans EklundAbstract Site-directed mutagenesis was used to examine the
speciﬁcity of Leuconostoc mesenteroides sucrose phosphorylase
for utilization of fructose and phosphate as leaving group/nucle-
ophile of the reaction. The largest catalytic defect in
Arg137ﬁ Ala (60-fold) and Tyr340ﬁ Ala (2500-fold) con-
cerned phosphate dependant half-reactions whereas that in
Asp338ﬁ Asn (7000-fold) derived from disruption of steps
where fructose departs or attacks. The relative eﬃciencies for
enzyme glucosylation by sucrose compared with a-D-glucose-1-
phosphate and enzyme deglucosylation by phosphate compared
with fructose were 5.5 and 6.2 for wild-type, 19 and 2.0 for
Arg137ﬁ Ala, 950 and 0.17 for Tyr340ﬁ Ala, and 0.05 and
180 for Asp338ﬁ Asn, respectively. Asp338 and Tyr340 have a
key role in diﬀerential binding of fructose and phosphate, respec-
tively.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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mechanism; Covalent catalysis; Conformational switch1. Introduction
Sucrose phosphorylases (EC 2.4.1.7) utilize a glycoside
hydrolase-like double-displacement mechanism to convert
sucrose (a-D-glucopyranosyl-2-b-D-fructofuranoside) and
phosphate into a-D-glucose-1-phosphate (G1P) and D-fructose
[1–4]. Glucosyl transfer to and from phosphate occurs via a
covalent b-glucosyl enzyme intermediate [2,3]. In Leuconostoc
mesenteroides sucrose phosphorylase (LmSPase), the reaction
is promoted by the side chains of Asp196 [5] and Glu237 [6] that
function in catalysis as nucleophile and general acid–base,
respectively (Fig. 1A). The requirement for Brønsted acid
and base catalytic assistance from Glu237 to half-reactions
involving fructose as leaving group and nucleophile, respec-
tively has recently been proven through kinetic characteriza-
tion of a Glu237ﬁ Gln mutant [6]. But how does Glu237
participate in catalytic steps involving phosphate? a-Glucoside
hydrolases and a-transglucosidases sharing with LmSPase the
membership to family GH-13 of the glycoside hydrolase fam-Abbreviations:G1P, a-D-glucose-1-phosphate; LmSPase, sucrose phos-
phorylase from Leuconostoc mesenteroides; BaSPase, sucrose phos-
phorylase from Biﬁdobacterium adolescentis
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with their glucosyl-enzyme intermediates, presumably because
of charge screening by the carboxylate side chain providing
base catalysis in the deglucosylation step ([8]; for the general
case, see [9]). Therefore, this raises concern about accommoda-
tion of phosphate in the active site of glucosylated LmSPase
with the unprotonated Glu237 (pKa  5.8 [6]) remaining in
place, ready to facilitate the attack of an uncharged nucleo-
phile such as the anomeric hydroxyl of D-fructofuranose.
High-resolution structure snapshots along the reaction coor-
dinate of sucrose phosphorylase have been provided by crys-
tallographic studies of the enzyme from Biﬁdobacterium
adolescentis (BaSPase). They include the free phosphorylase
[10], enzyme bound with sucrose, the covalent b-glucosyl inter-
mediate (E-Glc) (Fig. 1B), and a complex with glucose (EP)
resulting from hydrolysis of the glucosylated phosphorylase
(Fig. 1C) [2]. Upon moving from E-Glc to EP, two loops lining
the fructose-binding sub-site undergo large structural rear-
rangements that converge in the catalytic center where they
cause Asp342 and Tyr344 to exchange their respective positions
in and out of the active site, and Arg135 to move into the site,
taking a place in relative proximity to the catalytic base which
is Glu232 in BaSPase (Fig. 1B and C). The conformational
reorganization of the catalytic center was proposed to induce
phosphate binding recognition and thus allow the enzyme to
switch between utilization of fructose and phosphate as leaving
group/nucleophile of the reaction [2]. Because uncertainty re-
mained about how precisely the EP structure relates to the
mechanism of glucosyl transfer between the enzyme and phos-
phate, we have used site-directed mutagenesis to examine the
roles of Arg135, Asp342, and Tyr344 in the catalytic steps of su-
crose phosphorylase.2. Materials and methods
All materials used were described elsewhere [5].
2.1. Site-directed mutagenesis, enzyme production and puriﬁcation
Point mutations Arg137ﬁ Ala (R137A), Lys138ﬁ Ala (K138A), As-
p338ﬁ Asn (D338N), and Tyr340ﬁ Ala (Y340A) in LmSPase were
introduced with a modiﬁed two-stage PCR protocol [5] using the fol-
lowing pairs of oligonucleotide primers where the mismatched codons
are indicated in bold. R137A: 5 0-ATTTACAAGGCTAAAGA-
TAAGGCACC-3 0 (forward), 5 0-GGTGCCTTATCTTTAGCCTTG-
TAAATTAAGTC-3 0 (reverse); K138A: 5 0-TACAAGCGTGCAGAT-
AAGGC-30 (forward), 5 0-GCCTTATCTGCACGCTTG-3 0 (reverse);
D338N: 5 0-CAACAACCTTAATATTTACC-3 0 (forward), 5 0-TTG-
GTAAATATTAAGGTTGTTG-30 (reverse); Y340A: 5 0-AACCTT-
GATATTGCCCAAATTAACTC-3 0 (forward), 5 0-GAGTTAATT-
TGGGCAATATCAAGG-3 0 (reverse). Plasmid vectors harboring theblished by Elsevier B.V. All rights reserved.
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Fig. 1. (A) Proposed double-displacement mechanism for LmSPase.
(B and C) Close-up structures of diﬀerent active-site conformers of
BaSPase observed in the glucosyl-enzyme intermediate (B) and the b-
glucose complex formed by hydrolysis of the glucosylated enzyme (C).
Panels B and C were drawn using the PDB entry for BaSPase (2GDV)
[2].
Fig. 2. (A) Partial multiple sequence alignment showing positional
conservation of Arg137, Asp338 and Tyr340 of LmSPase in other sucrose
phosphorylases and B, SDS-PAGE of puriﬁed wild-type as well as
R137A, K138A, D338N and Y340A mutant enzymes of LmSPase. (A)
The partial sequences shown are sucrose phosphorylases from Leuco-
nostoc mesenteroides (LmSPase; D90314), Streptococcus mutans
UA159 (StmSPase; P10249), Lactobacillus acidophilus (LaSPase;
AY172020), Biﬁdobacterium adolescentis (BaSPase; AF543301), Agro-
bacterium vitis (AvSPase; CAA80424.1) and Biﬁdobacterium longum
JCM 1217 (BlSPase; BAF62433.1). The alignment was performed with
the Vector NTI program using the AlignX-modul with the PAM250
scoring matrix. Mutated residues and their corresponding counterparts
are indicated in boldface letters. (B) Lane 1, molecular mass standards;
lane 2, wild-type; lane 3, R137A; lane 4, K138A; lane 5, D338N; lane 6,
Y340A. Staining of protein bands was done with Coomassie Blue.
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LmSPase mutants were produced and puriﬁed to apparent homogene-
ity using reported procedures [6,11].
2.2. Kinetic characterization
Initial rate measurements were carried out at 30 C in 20 mM MES
buﬀer, pH 7.0, using reported discontinuous assays for phosphoroly-
sis and synthesis of sucrose as well as arsenolysis of G1P [5,11]. The
time of the assay was typically between 15 and 60 min, and the
amount of protein used (per mL) was varied according to the speciﬁc
activity of the respective enzyme (1.0 lg K138A; 0.5–67 lg R137A;
0.4–720 lg D338N; 8–300 lg Y340A). Non-enzymatic background
rates were measured in suitable controls lacking phosphorylase or glu-
cosyl donor substrate and if required, used for correction of the enzy-
matic rates. Kinetic parameters were obtained from initial rates
recorded under conditions in which the concentration of the glucosyl
donor was varied at a constant, wherever possible saturating, concen-
tration of the glucosyl acceptor, or vice versa. The molar enzyme con-
centration [E] was derived from protein concentration measurements
with the Bio-Rad dye binding assay, using a molecular mass of
55.6 kDa for LmSPase. [E] was used for the calculation of turnover
numbers (kcat).Hydrolase activities of wild-type and mutant phosphorylases toward
sucrose (270 mM) or G1P (100 mM) were determined under the condi-
tions described above, measuring the release of glucose using a coupled
enzyme assay with glucose oxidase and peroxidase [11]. Reactions were
carried out using 0.5 lg mL1 wild-type, 34 lg mL1 R137A,
720 lg mL1 D338N, and 300 lg mL1 Y340A.3. Results and discussion
3.1. Site-directed mutagenesis
Fig. 2A shows that Asp342 and Tyr344 of BaSPase are highly
conserved in diﬀerent sucrose phosphorylase sequences and
correspond to Asp338 and Tyr340 in LmSPase. The residue of
LmSPase corresponding to Arg135 of BaSPase was not unam-
biguously assigned by sequence alignment. Sucrose phospho-
rylases categorized in the CAZy database as of 06/2007 [7]
contain either of the two conserved motifs, DLIYKR137K138D
as in LmSPase, or YRPR135 as in BaSPase. We therefore se-
lected Arg137 and Lys138 of LmSPase for individual site-direc-
ted replacement by alanine. Fig. 2B displays a SDS–
polyacrylamide gel of puriﬁed preparations of R137A,
K138A, D338N and Y340A along with a sample of the wild-
type, produced and isolated in exactly the same way as the mu-
tants. The speciﬁc activities of the mutants, assayed in the
direction of phosphorolysis of sucrose, varied between
200 U mg1 (K138A), 110 U mg1 (R137A), and 1 U mg1
(D338N, Y340A). They can be compared with a value of
200 U mg1 for the wild-type.
Table 1
Kinetic parameters for wild-type and mutant sucrose phosphorylases
Reaction type Varied substrate Wild-type D338N Y340A R137A
kcat
(s1 · 10)
kcat/Km
(s1 mM1)
kcat
(s1)
kcat/Km
(s1 mM1 · 102)
kcat/Km
(s1 mM1 · 101)
kcat
(s1 · 10)
kcat/Km
(s1 mM1)
Phosphorolysis Phosphatea 20 21 n.a. 18h 0.088h 10 0.36
Sucroseb 17 29 n.a. 0. 40c,h 20d n.a. 2.3b
Synthesis G1Pe 9.1 5.3 n.a. 8.0i 0.021h 0.55 0.12
D-Fructosef 7.2 3.4i n.a. 0.10h 0.53i 0.96 0.18i
Arsenolysis Arsenatef 17 27 22 · 101 29 · 102 0.025h,j n.a. 0.27h
G1Pg 26 5.5 27 · 101 2.7 · 102 0.037h,j 3.2 0.083
Initial rates were determined at 30 C in 20 mM MES buﬀer, pH 7.0, in the presence of a270 mM sucrose, b110 mM phosphate, c4.9 mM phosphate,
d1.0 M phosphate, e225 mM D-fructose, f250 mM G1P or g250 mM arsenate. kcat is not shown or applicable (n.a.) when saturation of the enzyme
with glucosyl donor or acceptor substrate was not achieved. Values of kcat/Km are, however, valid in all cases.
h kcat/Km was calculated from the linear
dependence of the initial rate on the varied substrate concentration [S] using the relationship V = (kcat[E]/K) [S]. The S.D. for kcat and kcat/Km
was equal or smaller than 8.5% and 11% of the reported value respectively, with the exception of i21% and j41%.
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mutants thereof
Results of steady-state kinetic analysis for phosphorolysis
and synthesis of sucrose as well as arsenolysis of G1P catalyzed
by wild-type and mutant phosphorylases are summarized in
Table 1. Reaction via glucosylation and deglucosylation of
LmSPase (Fig. 1A) is reﬂected by the Ping Pong Bi Bi kinetic
mechanism of the enzyme [5] and implies that catalytic eﬃcien-
cies (kcat/Km) for glucosyl donor and acceptor substrates
measure formation and breakdown of the covalent glucosyl-
enzyme intermediate as kinetically isolated steps, respectively.
Note that kcat/Km for the limiting substrate is not dependent on
the extent to which the concentration of the second substrate is
saturating. The turnover numbers kcat where subscripts P, S,
and A stand for phosphorolysis, synthesis, and arsenolysis
include all steps of the respective catalytic cycle and reﬂect
the rate-determining step under conditions of enzyme satura-
tion with both substrates. Kinetic parameters of K138A were
not diﬀerent within limits of experimental error (<20%) from
the corresponding parameters of the wild-type and are there-
fore not shown in Table 1.
3.2.1. Substitution of the putative fructose-binding residue
Asp338. The eﬃciency of D338N for catalyzing steps where
fructose departs from (kcatP/Ksucrose) or attacks (kcatS/Kfructose)
the glucosyl-enzyme intermediate was decreased by nearly four
orders of magnitude in comparison with the corresponding
kcat/K value of the wild-type. Initial rates of synthesis of su-
crose catalyzed by D338N were linearly dependent on the con-
centration of fructose (data not shown), indicating that the
decrease in kcatS/Kfructose caused by the substitution of Asp
338
reﬂects a drastic loss in fructose binding aﬃnity of the glucosy-
lated enzyme. Expressed in terms of Ksucrose, binding of sucrose
by D338N was also weakened (40-fold) in comparison with the
wild-type. However, the eﬀect of the replacement of Asp338 on
kcatP/Ksucrose contains an even larger (200-fold) decrease in
kcatP. Although, kcatP/Kphosphate and kcatS/KG1P were  100-
fold lower in D338N than the wild-type, the disruptive eﬀect
of the mutation was clearly much more severe on catalytic
steps dependant on fructose.
The relative eﬃciencies for enzyme glucosylation by sucrose
compared with G1P ðKglucrel Þ and enzyme deglucosylation by
phosphate compared with fructose ðKdeglucrel Þ can be expressed
as ratios of the respective kcat/K values in Table 1. Replace-
ment of Asp338 caused a change of Kglucrel and K
degluc
rel from 5.5
and 6.2 in the wild-type to 0.05 and 180 in D338N, respec-tively. Further evidence supporting the notion that Asp338 is
by far more important for glucosyl transfer between the en-
zyme and fructose compared with glucosyl transfer between
the enzyme and phosphate was obtained by studying the arsen-
olysis of G1P. LmSPase catalyzes the equilibrium exchange
reaction, G1P + arsenateM a-glucose-1-arsenate + phosphate,
which is however completely irreversible in practice because of
the fast, non-enzymatic decomposition of a-glucose-1-arsenate
into glucose and arsenate. Wild-type values of kcatA/Karsenate
and kcatA/KG1P were hardly aﬀected by the site-directed substi-
tution of Asp338. Yet, D338N promoted the conversion of G1P
in the presence of arsenate (kcatA/Karsenate) 29000-fold above
the level of its eﬃciency for the synthesis direction (kcatS/
Kfructose), measured under otherwise exactly identical condi-
tions but using fructose as glucosyl acceptor. Glucosyl transfer
to D338N from phosphate took place with a 34-fold higher
catalytic eﬃciency (kcat/KG1P) when arsenate replaced fructose
as the acceptor substrate. In the wild-type, by contrast, kcatS/
KG1P and kcatA/KG1P were identical within limits of experimen-
tal error, in good agreement with expectations for a phosphor-
ylase mechanism where glucosylation and deglucosylation of
the enzyme occur in two independent catalytic steps
(Fig. 1A). The result suggests that arsenate stimulates glucosy-
lation of the mutant by G1P, probably through an allosteric
eﬀect that was not further pursued. (The alternative possibility
that fructose inhibits glucosylation of the enzyme by binding
to the free enzyme is improbable considering the low aﬃnity
of D338N for fructose.)
3.2.2. Substitution of putative phosphate-binding residues
Arg137 and Tyr340. Replacement of Arg137 by Ala caused sub-
stantial decreases in kcatP/Kphosphate (58-fold) and kcatS/KG1P
(44-fold) in comparison with the corresponding wild-type val-
ues. The eﬀects on kcat/K were distributed between a 29-fold in-
crease in Kphosphate and 2-fold decrease in kcatP for the
phosphorolysis direction and a 16-fold decrease in kcatS and
a 2.7-fold increase in KG1P for the synthesis direction. Like
kcatP, kcatP/Ksucrose was rather modestly (613-fold) aﬀected in
R137A, supporting the idea that Arg137 is specially important
for promoting glucosyl transfer between the enzyme and phos-
phate. The direction of change in Kglucrel (=19; 3.4-fold increase)
and Kdeglucrel (=2.0; 3.1-fold decrease) observed for R137A in
comparison with wild-type is also consistent with this notion.
However, kcatS/Kfructose of R137A was decreased 19-fold in
comparison with the corresponding wild-type value, indicating
that disruptive eﬀects of the mutation of Arg137 extend into the
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Arg135 of BaSPase points towards the dimer interface of the
enzyme in crystal structures of phosphorylase bound with su-
crose and the glucosyl-phosphorylase intermediate. We cannot
discount the possibility that structural changes at the dimer
interface, resulting from the substitution of Arg137 by Ala,
are relayed into the catalytic center and aﬀect indirectly the
eﬃciency of glucosyl transfer between the enzyme and fruc-
tose. However, LmSPase appears to be a monomer in solution,
as suggested by analyses of the natural enzyme by HPLC gel
ﬁltration [12] and the His-tagged recombinant enzyme by dy-
namic light scattering (this work; data not shown). A more de-
tailed interpretation of kinetic consequences in R137A will
therefore require high-resolution structural information on
LmSPase.
The observation that kcatS was more sensitive than kcatP to
substitution of Arg137 is explicable on account of enzyme glu-
cosylation being the rate-determining step in both directions of
the reaction catalyzed by the wild-type [6]. Whereas a decrease
in the microscopic rate constant for glucosyl transfer from
phosphate to the enzyme ðkphosphatelg Þ caused by the replacement
Arg137ﬁ Ala will be clearly expressed in the value of kcatS, a
similar decrease in the rate constant for the same reverse reac-
tion ðkphosphatenuc Þ is probably masked partially in kcatP because
glucosylation of the enzyme by sucrose is a slow step.
The overall pattern of kinetic consequences in Y340A sug-
gests a key role for Tyr340 in providing selective catalytic assis-
tance to glucosyl transfer between the enzyme and phosphate.
Initial rates of phosphorolysis and synthesis of sucrose cata-
lyzed by Y340A were linearly dependent on the concentration
of phosphate and G1P respectively (data not shown), indicat-
ing a drastic loss of binding aﬃnity for these substrates in the
mutant when compared with the wild-type. kcatP/Kphosphate and
kcatS/KG1P for Y340A were decreased to 0.042% and 0.040% of
the corresponding wild-type values while eﬀects of the substitu-
tion of Tyr340 on kcatP/Ksucrose (15-fold) and kcatS/Kfructose (64-
fold) were comparably small. Therefore, Kglucrel (=950) for
Y340A was enhanced 170-fold in relation with the wild-type
value whereas Kdeglucrel (=0.17) for the mutant was decreased
36-fold.
Kinetic parameters of R137A and Y340A for the arsenolysis
of G1P and their relative estimation with corresponding ki-
netic parameters for phosphorolysis and synthesis of sucrose
support the notion that Arg137 and in particular Tyr340 deter-
mine the eﬃciency of glucosyl transfer between LmSPase and
phosphate. In comparison with Asp338, they are of only sec-
ondary and likely indirect importance in the catalytic steps
where fructose departs or attacks. Mirza et al. [2] used the
X-ray structure of BaSPase bound with glucose to guide dock-
ing of G1P into the active site. They concluded that the side
chains of Arg137 and Tyr340 are placed nearly optimally for
binding of a phosphate group. Precise positioning of the phos-
phate nucleophile/leaving group at the active site via non-cova-
lent interactions with Arg137 and Tyr340 is expected to provide
selective transition state stabilization by reducing the entropic
barrier for the reaction. Hydrogen bonding with protein resi-
dues would also be a reasonable way to reduce electrostatic
repulsion between phosphate and the side chain of Glu237 in
the glucosylated phosphorylase which has a kinetic pKa of
5.8 [6] and will be fully deprotonated at the pH of measure-
ment. A strong charge screening by Glu237 was demonstrated
in studies where small anions that have no measurable aﬃnityfor binding to the active site of LmSPase were utilized as alter-
native nucleophiles of the reaction. Azide and formate, for
example, were completely unreactive towards the covalent
intermediate of the wild-type enzyme, yet they reacted readily
with a mutant phosphorylase in which Glu237 had been substi-
tuted by Gln [6].
3.3. Glucosyl transfer to water
Replacement of Arg137 but also that of Asp338 or Tyr340 is
expected to decrease the extent to which water is competed
out of the catalytic center of LmSPase, implying that reactivity
of the glucosylated phosphorylase towards attack by water
might be enhanced in the mutants. The wild-type enzyme acts
as a slow hydrolase (kcatH  2.2 s1) when presented with su-
crose or G1P in the absence of a suitable acceptor substrate
[4]. kcatH for each mutant was determined under conditions
where deglucosylation of the enzyme was made completely
rate-limiting through choice of the appropriate glucosyl donor
substrate (D338N: 100 mM G1P; Y340A and R137A: 270 mM
sucrose). The value of kcatH was moderately decreased for the
mutants (0.13 s1 for D338N, 0.27 s1 for Y340A, and 0.39 s1
for R137A) compared to the wild-type. The ratio of kcat/K for
the glucosyl acceptor (Table 1) and kcatH is a measure of the
kinetic competition between the external nucleophile and
water in the reaction with the glucosylated enzyme and pro-
vides a useful comparison of wild-type and mutant phospho-
rylases. The ratio of kcat/Kfructose and kcatH was 1.4 mM
1 for
wild-type and 0.0077 mM1 for D338N. Likewise, the ratio
of kcat/Kphosphate and kcatH was 9.5 mM
1 for wild-type but
only 0.92 mM1 and 0.033 mM1 for R137A and Y340A,
respectively. Therefore, mutations at the acceptor binding site
of LmSPase caused a marked decrease (up to 290-fold) in enzy-
matic selectivity for glucosyl transfer to phosphate or fructose
compared with water.
Summarizing, detailed analysis of kinetic consequences in
D338N and Y340A mutants delineates key roles for the side
chains of Asp338 and Tyr340 in a diﬀerential binding mechanism
utilized by LmSPase to bring about speciﬁcity for, respectively,
the fructose leaving group and the phosphate nucleophile dur-
ing the catalytic steps of phosphorolysis of sucrose. Arg137 joins
Tyr340 in promoting the attack of phosphate on the glucosyl-
enzyme intermediate. The results lend strong support to a
structure-derived suggestion for the reaction cycle of sucrose
phosphorylase where movements of active-site entrance loops
cause Asp338 and Tyr340 to alternate between positions in and
out of the catalytic center [2]. Non-covalent bonding with Ar-
g137and in particular with Tyr340 seems to prevent electrostatic
repulsion between phosphate and deprotonated Glu237, proba-
bly because it reduces the amount of overall negative charge
present in the active site of glucosylated phosphorylase bound
with the anionic nucleophile.
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